Activator/Dissociation (Ac/Ds) transposon mutagenesis is a widely used tool for gene identification; however, several reports on silencing of the Ac/Ds element in starter lines and in stable transposants question the applicability of such an approach in later generations. We have performed a systematic analysis on various aspects of the silencing phenomenon in rice (Oryza sativa ssp. japonica cv. Nipponbare). High somatic and germinal transposition frequencies observed in earlier generations were maintained as late as T4 and T5 generations; thus the propagation of parental lines did not induce transposon silencing. Moreover, the stably transposed Ds element was active even at the F5 generation, since Ac could remobilize the Ds element as indicated by the footprint analysis of several revertants. Expression of the bar gene was monitored from F3 to F6 generations in >1,000 lines. Strikingly, substantial transgene silencing was not observed in any of the generations tested. We analyzed the timing of transposition during rice development and provide evidence that Ds is transposed late after tiller formation. The possibility, that the independent events could be the result of secondary transposition, was ruled out by analyzing potential footprints by reciprocal PCR. Our study validates the Ac/Ds system as a tool for large-scale mutagenesis in rice, since the Ds elements were active in the starter and insertion lines even in the later generations. We propose that harvesting rice seeds using their panicles is an alternative way to increase the number of independent transposants due to post-tillering transposition.
Introduction
Transposon-tagged lines have become valuable resources for functional genomics in both dicots and monocots. It was shown that the Activator/Dissociation (Ac/Ds) system with an effective selection scheme could be a powerful tool for random mutagenesis in rice, and a large number of Ds transposants has been generated by the rice research community (Izawa et al. 1997 , Chin et al. 1999 , Nakagawa et al. 2000 , Jeon and An 2001 , Upadhyaya et al. 2002 , Greco et al. 2003 , Ito et al. 2004 , Kim et al. 2004 , Kolesnik et al. 2004 ).
However, this system seemingly had inherent problems such as silencing of Ds elements, unstable expression of transgenes (transposition marker) and fewer independent transpositions among siblings. The inactive Ds element prevents generation of revertant or multiple alleles, which are necessary to verify the function of the tagged gene. Transgene silencing inhibits the selection of transposants and even in a moderate case alters the segregation ratio by yielding false-negative results. Loss of Ds mobility was observed during successive generations in rice, even though Ac remained active in R6 generations (Izawa et al. 1997 , Kim et al. 2002 . The immobilized Ds could be reactivated efficiently through tissue culture and linked with demethylation of its terminal inverted repeats (TIRs) Shimamoto 1999, Kim et al. 2004) , which are the recognition sites for transposase. Methylation of the whole transposon cassette, including the bar gene, was responsible for the inhibition of Ds transposition and transgene expression in T2 and T3 generations of Ac/Ds enhancer lines in rice (Greco et al. 2003) . On the other hand, Enoki et al. (1999) did not observe any significant change in the methylation status of the Ds element in the transpositionally inactive lines and proposed involvement of other factors in the silencing. Recently Kim et al. (2004) have shown that in a two-component system the Ds starter lines were inactivated, even in the presence of Ac. Tissue-specific gene silencing was described in rice when the β-glucuronidase (GUS) reporter gene was driven by the rice tungro bacilliform virus promoter. The loss of expression in the vascular bundle was correlated with methylation of the promoter region (Klöti et al. 2002) . Transgene silencing has been analyzed extensively and summarized by Iyer et al. (2000) . They concluded that silencing is often associated with rearrangement or complex multicopy patterns of transgene integration.
Our knowledge on the developmental timing of Ac/Ds transposition is rather limited and the information available is variable and not conclusive. Early excision occurred in
The behavior of Ds element in rice 85 Arabidopsis (Honma et al. 1993 , Balcells and Coupland 1994 , tobacco (Keller et al. 1993 ) and rice (Greco et al. 2001) when Ac was expressed under the cauliflower mosaic virus (CaMV) 35S promoter or a native promoter adjacent to the CaMV 35S double enhancer. In contrast, Ds was transposed late during the developmental stages of the reproductive cells or germline in Arabidopsis, barley and tomato, when transposase was supplied by its own promoter (Bancroft and Dean 1993b , Rommens et al. 1993 , Koprek et al. 2001 , giving rise to independent transposants within the same family. Even excision of identical Ac elements from two maize waxy loci showed differences in the developmental timing, despite the sequence or its location not being responsible for such behavior (Fedoroff 1989) . The timing of Ac/Ds transposition has not been analyzed in rice, although some reports have shown that transposition varied among plants regenerated from the same line in tissue culture (Greco et al. 2003 , Kim et al. 2004 . Regenerants with common hybridizing bands indicated that excision occurred early during callus development, resulting in the same transposition event in the regenerated plants (Greco et al. 2003 , Kim et al. 2004 ). On the other hand, we showed that two or more independent Ds transpositions could occur in the same F1 family [79% of the F2 families have at least two different transposition events (Kolesnik et al. 2004) ]. Similarly, different transposition frequencies and patterns were detected among panicles from the same F1 plant, suggesting that Ds was transposed after the differentiation of panicle primordial cells (Ito et al. 2004) .
In this article, we describe a systematic approach to evaluate the validity of the Ac/Ds system as a tool for functional shown.) Thick lines below the construct diagram depict probes (A, T-DNA-Ds junction; B, Ds; C, Ds-Actin1 promoter junction; D, Actin1 promoter; E, bar gene; F, gusA gene; G, Ds-nos 3′ junction; H, gfp gene) used for hybridization in this study. (B) Genomic DNA samples from four Ds starter lines and a wild-type plant were digested with six different methylation-sensitive (only Sau3AI, HpaII and MspI are shown) and two non-methylation-sensitive enzymes. The cleaved DNAs were separated on agarose gels and their blots were hybridized with probes specific to TIRs of the Ds element (probes A and B) and to the transgenes (probes D and E). The asterisk indicates binding to the endogenous rice actin promoter gene in DNAs hybridized with the actin probe.
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The behavior of Ds element in rice 86 genomics in rice. We have analyzed several hundred Ds insertion lines in detail to study the stability and timing of Ds transposition in rice.
Results

Ds starter lines maintained their activity through several generations
Previously we have described a two-element transposon system in which Ds was mobilized in transgenic plants by crossing with plants harboring an immobilized Ac element under the control of the CaMV 35S promoter (Kolesnik et al. 2004) . It is known that maize Ds elements are transposed during or shortly after DNA replication in the presence of the Ac from one of the sister chromatids. The chromatid selectivity depends on the methylation status of the TIRs, since the transposase enzyme cannot bind to the fully methylated TIRs (Wang et al. 1996 , Wang and Kunze 1998 , Ros and Kunze 2001 . To assess the effect of propagation of the parental lines on the transposition activity, we tested the methylation status in the TIRs of the Ds element. Genomic DNA from four Ds starter lines (lines Ds1, 2, 4 and 5) were digested with six different methylation-and two non-methylation-sensitive enzymes and hybridized with probes specific to the ends of the Ds element and their flanking regions (see Materials and Methods). Results obtained from Southern blots showed no sign of methylation with probes A, B (Fig. 1 ) and G (data not shown); all four Ds lines gave the expected fragments with all methylation-sensitive enzymes tested.
In order to confirm the results obtained above in vivo, we selected two Ac (Ac1 and Ac5) and four Ds (Ds1, 2, 4 and 5) parental lines in the T4 generation and performed multifactorial crosses to obtain F1 seeds. Ac generates Ds excision and reinsertion in trans, and the somatic transposition can be monitored in F1 plants by GUS assay. The Ds gene trap contains a promoterless β-glucuronidase (gusA) reporter gene, which is expressed when Ds was transposed into the transcribed region in the correct orientation. Leaf samples from 187 F1 plants were subjected to histochemical staining and their GUS expression patterns were analyzed. The number of blue sectors indicated the frequency of insertion, while the size of the blue area allowed us to estimate the developmental time at which transposition occurs. We detected small GUS sectors along the leaves from all eight cross combinations. Somatic transpositions were observed in 159 F1 plants out of 187 examined; the average transposition frequency was calculated as 85%.
To investigate the unlinked germinal transposition frequency, the above F1 plants were self-pollinated and the F2 generation was analyzed from 58 families representing seven cross combinations. Approximately 1,000 seeds were imbibed in water for 2 d and then screened for green fluorescent protein (GFP) expression in order to eliminate GFP-linked Ac and Ds donor loci (Kolesnik et al. 2004 ). The GFP negative (GFP -) seeds were planted on soil and leaf suspensions from the 2-week-old seedlings were screened for the presence of the Ds cassette by PCRs using Ds-, bar-and gusA-specific primers, respectively (Materials and Methods). Genomic DNA was isolated from PCR-positive samples and was subjected to Southern hybridization using internal fragments of the gusA gene as a probe to confirm the Ds insertion. We have isolated unlinked transposants-GFP -and BAR positive (BAR + )-from 34 F1 plants out of 58 screened, and demonstrated that Ac could activate Ds elements from all parental lines (Table 1 ). The unlinked germinal transposition frequency was calculated by dividing the number of GFP -and BAR + F2 families by the total number of F1 plants tested from the particular cross combination. The unlinked transposition frequency of Ds was estimated as an average of 59%, slightly higher than the results obtained when T2 and T3 starter lines were used for crosses. This frequency includes background lines in which Ds might have been transposed into the GFP cassette abolishing its function; however, the frequency of such events is relatively low (Kolesnik et al. 2004) . To test this possibility in the present conditions, we performed Southern blots on 20 DNA samples isolated from BAR + and GFP -plants and probed them with a GFP fragment. The probe did not hybridize to any of the samples, except the starter line (positive control; data not shown), indicating the absence of transpositions into the gfp gene in the randomly selected samples.
Stable bar gene expression in F3, F4 and F5 generations of Ds transposon lines
We studied potential transgene silencing during propagation by analyzing lines from F3 and successive generations for Basta herbicide sensitivity, since we used the bar gene as a transposition marker and its silencing has been reported in monocots (Iyer et al. 2000) . Two batches of F3 seeds were tested: the first batch was from the putative 5,756 Basta R fami- lies reported earlier (Kolesnik et al. 2004) , whereas the second batch contained 861 Basta R families from a second mutagenesis experiment (this study; the only difference between the two experiments was that the scoring following the Basta treatment was less stringent at the F2 generation of the first batch than those performed later). Seeds were collected from all lines, and 2-week-old seedlings were sprayed with herbicide. The results of Basta selection of the first batch re-confirmed the presence of 20% sensitive lines, which were not eliminated in the F2 generation. On the other hand, only 5% of the 861 lines were sensitive for the herbicide in the second batch (Table 2) . A similar treatment on 611 and 680 F4 families of batch 1 and 2, respectively, detected <1% Basta S lines, whereas subsequent analysis of 463 families of the first batch at the F5 and F6 generation uncovered no Basta S lines at all. Similarly, all of the 678 F5 families of the second batch survived the herbicide treatment.
In order to search further for signs of possible transgene silencing, we have analyzed 37 randomly selected F3 Basta S lines from the first batch for the presence of the Ds element and for expression of the bar gene. We planted 30 seeds each into two separate pots, but we treated only one with herbicide, and we used the other for isolation of genomic DNA. Four siblings from each Basta S family were pre-screened for the presence of a transgene by PCR using bar-, gusA-and Ds-specific primers as well as rice actin primer as a positive control. PCR results were confirmed by subsequent Southern hybridization (Materials and Methods) using the bar gene as a probe. The result showed these Basta S lines were negative for the bar gene and showed a wild-type genotype. These findings further substantiated that these lines were escapees in the first batch of Basta screens.
Additionally, we performed Southern analysis of Ds parental lines to assess the methylation status of transgenes (bar and gusA) in the Ds cassette (Fig. 1A) . Southern filters from the previous experiments were stripped and hybridized with digoxigenin (DIG)-labeled actin, bar and gus probes, separately. Incomplete Sau3AI digestion was observed on the filter hybridized with probe D (Fig. 1) ; this could indicate a limited amount of methylation of the promoter region; however, no such phenomenon was observed in the DNA samples cleaved with other methylation-sensitive enzymes, even when an isoschizomeric pair (HpaII and MspI) was used for testing promoter methylation. The fact that all 30-40 Basta-sprayed plants from each Ds parent survived the treatment also confirmed that the effect of possible methylation on gene expression, if any, must have been negligible.
The Ds element can be remobilized in the F5 generation of stable transposants
In order to test whether a germinal revertant can be generated by mobilizing the Ds from stable insertion lines, we have crossed 10 randomly selected homozygous single copy Ds transposants (F5 generation) with homozygous parent plants (T3 generation) carrying a 'wing-clipped' Ac element under the control of the CaMV 35S promoter. The Ds element was excised in the presence of transposase, leaving behind footprints due to the inaccurate excision; the transposon can be reinserted elsewhere in the genome or subsequently lost. Five to 10 crossed revertant (R1) seeds were planted and self-pollinated to obtain R2 seeds. Several hundred R2 DNA samples for each of the cross combinations were subjected to PCRs to detect the excision and identify footprints (Materials and Methods). Individual primers flanking the Ds element were designed for all insertional lines based on the thermal asymmetric interlaced PCR (TAIL-PCR) results. In order to select lines with an excised transposon, bar-specific primers were used to detect an untransposed or excised and reinserted element; 5′ or 3′ Ds primers with the corresponding flanking primers (FPs) to confirm the excision; and FPs alone to isolate footprints. Plants having positive results for the first two PCRs carried untransposed Ds elements. Plants in which excision accompanied reinsertion of Ds were picked as BAR + and Ds/FP -samples, and footprints were amplified from these lines. The reinsertion frequencies varied from 9 to 36% based on the analysis of the selected samples depending on the transposants, since we used the same Ac line. The sequence analysis of the revertant plants revealed an empty donor site, indicating that the Ds has been re-mobilized from the insertion site in all 10 lines (Fig. 2) . In revertant 8 (Rv8), the Ds was excised perfectly, leaving behind only the 8 bp target duplication; in Rv9, one nucleotide and in Rv1 and Rv10 two nucleotides have been deleted from one of the target site duplications. The whole target site was deleted from one side of the transposon and additional 7 bp sequences were identified in Rv5. In the remaining lines, deletion of several central nucleotides and transversion of 1-3 nucleotides have been observed. These results showed that the stably transposed Ds element was active even at the F5 generation in the presence of Ac transposase. The behavior of Ds element in rice 88
Developmental timing of Ds transposition
Our previous study has shown that >80% of F2 families had at least two siblings with Ds transposed to different locations, when the CaMV 35S promoter-driven Ac was used as a transposase source (Kolesnik et al. 2004) . Based on this observation, we proposed that Ds was transposed late in rice development, possibly at the post-tillering stage, as the independent transposition events were obtained within a family. The different transposition events among these siblings from the same family could be due to either secondary (Ds transposed twice) or subsequent transpositions. In order to confirm this hypothesis, we searched for empty donor sites, which are the most common features of Ac/Ds transposition. The absence of footprints would indicate that the transposition is primary. Alternatively, the presence of a footprint would label the former insertion site, thus indicating two subsequent transposition events. Families with two or more independent events [siblings with different flanking sequence tags (FSTs)] were selected for analysis of possible footprints by reciprocal PCR (Fig. 3A ; see Material and Methods). We have tested 70 siblings from 21 families (Table 3) ; the sequences isolated from mutant plants were perfectly aligned with the wild-type plant, and footprints were not detected from any lines (see Fig. 3B for an example; data for the rest of the lines are not shown). These results suggest that primary transpositions might contribute to the high number of independent Ds insertions within a family.
Despite the fact that there were only primary transpositions in the 21 families analyzed, in several lines transposition events targeted different loci among siblings (see Table 3 ). In order to study the timing of transposition of the Ds element, we have analyzed the transposition pattern in siblings originating from individual panicles of the same F1 plant. We have har- Table 3 Number of transposants tested for possible footprints by reciprocal PCR.
a Number of siblings with A, B and C transposition events (see Fig. 3 vested seeds by panicles from 58 F1 plants derived from seven cross combinations. The imbibed F2 seeds were screened for GFP to select against Ac-and Ds-linked donor loci, and 2-week-old GFP -seedlings were treated with Basta herbicide to obtain putative unlinked transposants. Families with none or only one transposant were eliminated from this study. Families with multiple transposants were carefully analyzed for transposition by PCR and Southern hybridization in order to detect the Ds element and compare their insertion positions in transposants originating from the same or different panicles of a single F1 plant.
Southern blots revealed that 14 out of 21 F2 families possessed multiple transposants within one panicle of an F1 plant (Table 4) . However, these transpositions were not independent, indicating that the events are the same within one panicle (e.g. Fig. 4 , 45-10-1 and 45-10-3). On the other hand, when transposants derived from different panicles of the same F1 plant were compared, the transpositions were independent (e.g. (Table 4) .
Discussion
The maize Ac/Ds gene trap system is a frequently used tool for studying the gene functions in several heterologous species including Arabidopsis, rice and barley (Koprek et al. 2000, Ramachandran and Sundaresan 2001) . Various difficulties (e.g. with silencing, timing, etc.) have been reported during Ac/Ds insertional mutagenesis from several plants (see, for example, Bancroft and Dean 1993a, Keller et al. 1993 , Greco et al. 2003 . Although these problems have been encountered The schematic diagram shows three F2 siblings (A, B and C) originating from an F1 plant with independent events. The Ds element was transposed to chromosomes X, Y and Z in siblings A, B and C, respectively. Reciprocal PCRs were carried out on genomic DNA isolated from siblings A, B, C and wild-type plants with primers designed to amplify the target sequences from all three siblings. F, forward primers; R, reverse primers; F A , F B and F C as well as R A , R B and R C are forward and reverse primers anchored to flanking regions of insertion sites in siblings A, B and C, respectively. (B) An actual example for the result of reciprocal PCR analysis. The DNA samples from siblings B, C and wild-type were subjected to PCR with F A /R A primers corresponding to the flanks of the target site of sibling A. The PCR products were sequenced in both directions and the data were analyzed by multiple sequence alignment by ClustalW. A thick line and underlined letters indicate the 8 bp target site of the Ds insertion on (A) and (B). The data clearly indicate that insertion A is a result of primary transposition. Note that a similar analysis was performed using forward and reverse primers flanking the insertion sites in siblings B and C on DNA samples isolated from A, C and wild type, and A, B and wild type respectively (data not shown). repeatedly, their systematic analysis has not been performed to date. In this article, we report a detailed study on the stability and timing of transposition through the analysis of rice Ds transposants generated currently and previously (Kolesnik et al. 2004) .
Inactivation of Ds in the starter lines is an undesirable consequence, as it prevents the applicability of the starter line for maintenance or use, and necessitates tedious approaches (e.g. tissue culture) for its re-activation (Kim et al. 2002) . The methylation of Ds elements has been suspected as the mechanism behind the silencing, as it was shown earlier that only the hypomethylated Ac could be excised from the maize waxy locus and the methylated form could not (Chomet et al. 1987) . Southern hybridization on four Ds parental lines using several methylation-sensitive enzymes resulted in the predicted hybridizing fragments with various probes. The hybridization data indicated that the Ds cassette (including the TIRs) in these parental lines was not methylated. Moreover, we also showed in vivo that the transposon was active in all starter lines, as Ac1 and Ac5 could both mobilize the Ds element from each of the four donor loci. The somatic (85%) and germinal (59%) transposition frequencies obtained from crosses between T4 generations of Ac/Ds parental lines were slightly higher than those observed earlier with T2 lines (Kolesnik et al. 2004) . The increase in the present study was due to the exclusive use of the two Ac lines with the highest transposition frequency as the transposase source as well as to the higher number of siblings analyzed. However, this frequency may include insertion into the counter-selectable marker, since our previous study showed 4% transposition into the GFP cassette by analyzing 2,057 FSTs. In addition to this, the current screen with 20 lines did not reveal such transpositions as analyzed by Southern hybridizations. Based on the above facts, one can assume that the probability of finding an insertion in the gfp gene in the 58 families generated in the current study is rather low. These results showed evidence that the activity of the Ds element could be preserved even at the T4 generation, and the propagation of parental lines did not induce transposon silencing.
Several groups have also reported that Ds is silenced in rice not only at the donor site, but also at the transposed locations in the third and subsequent generations even in the presence of Ac transposase (Izawa et al. 1997 , Chin et al. 1999 , Han 2002 , Kim et al. 2004 . We have tested 10 homozygous stable transposants by crossing them with homozygous plants harboring an Ac transposon in order to mobilize the Ds element and estimated the reinsertion frequencies of up to 36% by analyzing the R2 plants. The actual excision frequency might be much higher, since only a portion of revertans was screened and excised, and re-inserted Ds elements were detected. All the lines tested showed footprints, indicating the excision of the Ds from its transposed locus, suggesting that the silencing was also not occurring in our Ds insertion lines.
Moreover, silencing of the bar transposition marker has also been observed in monocots (Rathore et al. 1993 , Oard et al. 1996 , Park et al. 1996 , Iyer et al. 2000 . Since the selection of our tranposants and, subsequently, the Ds segregation and zygosity analysis were performed under herbicide treatment, we tested our Ds insertion lines for bar gene silencing. In our previous study, we found that 20% of all tested lines were Basta S at the F2 generation. Testing by bar-PCR proved that these families were escapees from Basta selection due to less stringent selection following herbicide treatment as opposed to bar gene silencing (Kolesnik et al. 2004 ). In the present study, we have performed a repeated, large-scale analysis in the F3 generation by using the same set (first batch) and another set of plants (second batch), which have been subjected to stringent selection from the beginning. Our data yielded 20 and 5% Basta S lines in the first and second batches of transposants, respectively. Upon further analysis by Southern hybridizations using 37 Basta S lines from the first batch, none of these lines possessed a bar gene, indicating that these were escapees from the screens. Only 1% of >1,200 F4 lines (first and second batch combined; Table 2 ) from the herbicide survivors of F3 turned out to be Basta S . These lines could be escapees of Basta screening or they may be bar-silenced lines. In F5 and F6 generations, all the remaining Basta R lines survived the herbicide treatments, clearly indicating that the occurrence of bar gene silencing, if any, in these lines is negligible.
The copy number of the transgene seems to be primarily dependent on the transformation method used. Several reports have shown earlier that the bar gene was silenced in monocots particularly when a direct DNA transfer method, such as biolistic-mediated transgene integration, was used (Rathore et al. 1993 , Register et al. 1994 , Wan and Lemaux 1994 , Oard et al. 1996 , Zhang et al. 1996 , Pawlowski et al. 1998 For DIG-labeled probe preparation and for selection of Ds lines Bar-3292F 5′-TCGTCAACCACTACATCG-3′ Bar-3758R 5′-CATCAGATCTCGGTGACG-3′ Gus-5553F 5′-TGCCCGCTTCGAAACCAATG-3′ Gus-6403R 5′-GGGCAGGCCAGCGTATCGTG-3′
1999, Kumpatla and Hall 1999) due to complex multicopy transgene integration. We have transformed the rice plants with an Agrobacterium-mediated method, which generated starter lines with mostly single copy transgenes and resulted in a very low frequency of silencing. The same transformation technique has also resulted in a low level of transgene silencing in the R2 generation in rice (Park et al. 1996) . The single copy Ds elements in the insertional lines were maintained due to the fact that we selected these lines against the presence of Ac, leading to activity lasting through several generations. Previous observations describing inactivation of Ds in multicopy lines in the presence of Ac (Izawa et al. 1997 , Han 2002 ) support our hypothesis. However, some silencing was reported to occur even in monocots with a single copy transgene (Xu et al. 1995) . In those experiments, the researchers used heterologous (i.e. foreign) promoters (CaMV 35S and the maize ubiquitin promoter). We have utilized the endogenous actin1 promoter to drive the bar gene. This set-up was likely to contribute to the minimal level of silencing in our system. Similarly, minimal bar gene silencing was observed when the actin1 promoter was utilized in rice (Park et al. 1996) where only one line was showing silencing of the bar gene among several lines. Another possible explanation for the lack of extensive silencing in our lines could be the position of the Ds launching pad in the genome, as the chromosomal location of the transgene insertion was shown to influence its expression stability in barley 
( Koprek et al. 2001) . Ds-T-DNAs have landed in the non-repetitive genomic region in our starter lines (Kolesnik et al. 2004) , where the genome is hypomethylated. Therefore, their chance of being inactivated is expected to be lower than in the repetitive DNA or heterochromatic region (Pröls and Meyer 1992, Kumpatla et al. 1998) . In order to overcome the problem of silencing, Kim et al. (2004) generated independent transposants through tissue culture of F2 plants carrying Ac and inactive Ds elements, which is highly time consuming. Despite the higher transformation frequency using this method, a major limitation was expected; the tissue culture conditions would induce somatic variations leading to potential mutations in the regenerated plants. Thus genetic crosses would be advantageous to limit the phenotypic variations. In such cases, where genetic crosses are preferred, the use of a suitable promoter to drive Ac or selection marker, the choice of transformation procedure and of parental or starter lines are important factors to be considered. Our results indicate that using endogenous promoters such as actin1, Agrobacterium-mediated transformation for gene transfer, and selection of single copy parental and insertional lines alleviates the problem of silencing.
A potential disadvantage of the Ac/Ds transposon system is the occurrence of secondary transpositions, where Ds is excised from the primary transposed site leaving footprints, which might cause mutations (Ramachandran and Sundaresan 2001) . These mutations are untagged and they complicate phenotypic characterizations. When we performed reciprocal PCRs on lines originating from the same F1 plant to identify the primary transpositions, we could not recover such footprints. These data indicate that our Ds insertion lines possess mostly primary transpositions, which occurred after the tillers were formed. One could argue that we amplified the wild-type allele from those plants which are heterozygous for the empty donor site; however, the chances of this would be remote, as such a template would yield multiple bands in the PCR product, leading to noisy sequencing results. Hence different primary transposition events were isolated from different panicles from each F1 plant.
Obtaining a large number of independent transposants is highly desirable in order to saturate the plant genome with insertions. The Ac/Ds transposons are excised and re-inserted at distinct times during plant development; the timing of transposition defines how many independent Ds lines can be produced from a single cross. If the Ds is transposed late (i.e. after tiller formation), then independent insertions could occur among siblings of different tillers from the same plant. In order to study this phenomenon in detail, F1 plants were subjected to GUS staining to determine the somatic transposition frequencies. The majority of our lines showed sparsely distributed GUS sectors in leaves but not at the seedling stage, indicating that the Ds was active only during late stages of development. In tobacco, however, when a similar CaMV 35S-transposase fusion was used, plants showed a large green sector at the seedling stage (Scofield et al. 1992) . In addition to this, when F2 seeds of each panicle from the same F1 plant were analyzed for the transposition events, our results confirmed the presence of independent events in the majority of lines. By screening 70 panicles of 21 F1 plants, we obtained 45 independent transposition events. This observation gave a strong indication that transposition occurs after tiller formation in rice and this is in agreement with a previous study which concluded that Ds tends to be transposed during panicle development (Ito et al. 2004) . Early transposition was induced in rice when Ac was expressed under a native promoter adjacent to the CaMV 35S double enhancer element (Greco et al. 2001) . On the other hand, in our system, Ds was transposed very late in the development of the rice when the Ac element was driven by the CaMV 35S promoter, similar to the results obtained by Ito et al. (2004) . Beside the expression pattern of the promoter, the selection of single copy Ac parental lines or the T-DNA insertion position in the starter line may have also played a role in Ds transposition late in rice development. The actual mechanism underlying this phenomenon is yet to be uncovered.
Therefore, we propose that in rice, and possibly in other monocots, sibling analysis from different panicles of the same F1 plant should be carried out to determine whether these lines harbor independent transposition events. This harvesting technique in combination with multiple rounds of ratoon culturing (Chin et al. 1999 ) could yield substantial increase in independent transposants.
This study provide evidence that Ds did not undergo silencing in the starter and insertion lines and the primary transposition occurs late in rice; moreover, it also validates this system as a favorable tool for functional genomics of rice and possibly other crops.
Materials and Methods
Plant materials and growth conditions
Ds insertion lines (from Oryza sativa ssp. japonica cv. Nipponbare variety) were generated by crossing homozygous Ac and Ds parental lines (Kolesnik et al. 2004 ). F1 plants were grown in a greenhouse under natural conditions (12 h daylight and 12 h darkness) and after maturation F2 seeds were harvested from individual panicles. Seeds from approximately 25 panicles of each F1 plant were imbibed in water for 2-3 d and screened for GFP fluorescence as described earlier (Kolesnik et al. 2004 ). The germinated GFP -seeds were planted in soil, and PCR was carried out on leaf suspension to select transposants. The stable insertional lines from F3 to F6 generations were propagated in the field, the 10-day-old seedlings were sprayed with 100 mg l -1 Basta (AgrEvo, Monvale, NJ, USA), and the sensitivity was scored after 10 d of herbicide treatment. GUS assay was carried out on leaf samples from F1 plants according to Kolesnik et al. (2004) .
Leaf suspension preparation
Leaf suspensions were prepared from young leaves (around 2 cm long) by grinding frozen leaf tissues to a fine powder in Eppendorf tubes with pestles. Then 150 µl of TE buffer was added to the powder and incubated at 90°C for 10 min. Samples were centrifuged at
Reciprocal PCR
The reactions were carried out on genomic DNA isolated from siblings with independent transpositions and wild-type plants. Primers were designed to amplify the target sequences from all siblings. For example, the DNA from sibling A was subjected to amplification of PCR fragments corresponding to the flanks of the Ds insertion positions in siblings B and C, and vice versa (Fig. 3) . The PCR products were sequenced in both directions and the data were analyzed by multiple sequence alignment by ClustalW.
Analysis of transposition events in individual panicles
Ds FSTs were amplified by TAIL-PCR from families with 2-3 different events to map Ds insertion into the rice physical map and to confirm the independent transpositions. Sequencing data were filtered against common sequences in order to eliminate the unspecific PCR products. SEQUENCHER software was used to align the filtered sequences to find similar FSTs, and they were sent to the public databases (NCBI, RGP) to identify the chromosomal location of the Ds element (Altschul et al. 1990 ). Southern hybridization patterns from the same plants were also compared.
